A potential link between DNA repair and de novo methylation of exogenous sequences in colorectal cancer cell lines suggested that cells de®cient in mismatch repair (MMR
Introduction
The DNA mismatch repair (MMR) system is well understood in prokaryotes (Modrich, 1991; Radman and Wagner, 1986) . A set of four proteins recognizes and corrects simple mono-to trinucleotide mismatches in newly synthesized DNA, using methylated adenosine as a guide to distinguish between the parent and daughter strands. In recent years, the human homologues of the bacterial MMR enzymes have been discovered. To date, eight such genes have been identi®fed in humans, MLH1 (Bronner et al., 1994; Han et al., 1995) , MSH2 Fishel et al., 1993; Peltomaki et al., 1993) , MSH3 (Fujii and Shimada, 1989; Watanabe et al., 1996) , MSH4 (PaquisFlucklinger et al., 1997), MSH5 (Edelmann et al., 1999; Her and Doggett, 1998) , MSH6 (Drummond et al., 1995; Palombo et al., 1995; Papadopoulos et al., 1995) , PMS1 (Horii et al., 1994; Nicolaides et al., 1994) and PMS2 (Narayanan et al., 1997; Nicolaides et al., 1994) , but their mechanisms of action have not yet been fully elucidated. In humans MMR de®ciency was initially associated with the hereditary syndrome HNPCC (Hereditary Non-Polyposis Colorectal Cancer) (de la Chapelle and Peltomaki, 1995) , a relatively common genetic condition that aects 1 : 200 people. HNPCC families predominantly have mutations in the MLH1 and MSH2 loci, and less frequently in the other genes (Liu et al., 1996) . MMR de®ciency can be detected as small insertions and deletions at microsatellite repeats throughout the genome and this observation is commonly referred to as MSI + (microsatellite instability) (Boland et al., 1998) . MSI + has also been detected in sporadic colorectal cancer (CRC), and cancers of the endometrium, stomach and pancreas (Esteller et al., 1998; Goggins et al., 1998; Han et al., 1993) . Curiously, in many of these MSI + cancers no mutations were found in the genes responsible for MMR. Recently, studies have shown that these MSI + cancers often show promoter methylation of MLH1, but not of the other MMR genes looked at so far, so that epigenetic silencing of MLH1 may result in MSI + (Deng et al., 1999; Herman et al., 1998; Kane et al., 1997; Veigl et al., 1998) .
A study by Lengauer et al. (1997a) linked the MMR status with dierential patterns of de novo DNA methylation. They found that exogenous retroviral sequences were de novo methylated when introduced into MMR 7 cell lines and that viral gene expression was inhibited in these cells. However, the retroviral sequences remained largely unmethylated when introduced into MMR + cell lines and the exogenous gene was expressed. This gave rise to two dierent phenotypes, MMR + /MET 7 and MMR 7 /MET + , where MET + refers to increased levels of de novo DNA methylation in exogenous sequences. This observation suggested the possibility of two independent pathways for the development of CRC. In the MMR + /MET 7 cells, a defect in methylation could lead to progression to cancer, whereas in MMR 7 /MET + cells, a defect in DNA proofreading activity is the main pathway leading to development of cancer.
However, a recent study by Toyota et al. (1999) ) are explained by their model.
In the present study we examined levels of DNA methyltransferase (DNMT1, DNMT3A and DNMT3B) mRNA expression in seven CRC cell lines, and determined the methylation levels at speci®c endogenous sequences as well as at random CpG islands. We also measured kinetics of remethylation in these CRC cell lines. This approach was targeted towards determining methylation ability and epigenetic dierences between the MMR phenotypes. Our results are in concordance with the model for CRC by Toyota et al. (1999) , and do not support the existence of mutually exclusive DNA methylation and DNA repair phenotypes.
Results

Retroviral expression and methylation levels in colorectal cancer cell lines
A previous report (Lengauer et al., 1997a) (Table 1) were infected with a moloney murine leukemia virus (MMLV)-based retroviral vector containing the bgalactosidase reporter gene. Expression levels of the b-galactosidase gene were measured after a 2 week selection with G418. The results shown in Figure 1a con®rmed that the retroviral b-galactosidase expression levels in MMR 7 cell lines were on average six times lower than in MMR + cell lines. The methylation levels in the long terminal repeat (LTR) promoter region as well as in the b-galactosidase gene coding region in the CRC cell lines were measured by the quantitative Ms-SNuPE technique . Methylation in the promoter region was on average higher in MMR 7 cell lines than in MMR + cell lines, except for HCT-15, which had a low level of methylation in the LTR promoter, equal to that of SW837, an MMR + cell line (Figure 1b) . Methylation in the coding region of the bgalactosidase gene was generally low and similar in both MMR + and MMR 7 cell lines ( Figure 1c ). Our results con®rmed that there were marked dierences in b-galactosidase gene expression levels between MMR + and MMR 7 CRC cell lines, but only showed a modest increase in promoter methylation levels in some MMR 7 cell lines compared to the MMR + cell lines. Also, this correlation was not complete, since we found an MMR + and an MMR 7 cell line with the same levels of LTR methylation although they exhibited a sixfold dierence in expression levels. Furthermore, no correlation was observed between MMR phenotype and de novo methylation levels in the gene coding region.
Methylation at specific endogenous genes
The results described above showed a modest increase in levels of de novo methylation of an exogenous retroviral sequence in some, but not all, MMR 7 cell lines tested. However, it was not clear whether changes in de novo methylation were particular to exogenous sequences. To address this question we asked if dierences were apparent in the methylation levels of endogeous sequences between the MMR phenotypes. We analysed the methylation status of regulatory sequences in ®ve endogenous genes: p16, ER, c-abl, APC and EDNRB (Cairns et al., 1995; Groden et al., 1991; Issa et al., 1994; Nelson et al., 1997; Nishisho et al., 1991; Nobori et al., 1994; Zion et al., 1994) . These genes have previously been shown to play important roles in cancer and are, furthermore, known targets for inactivation by DNA methylation. Analysis was performed using the Ms-SNuPE assay (for p16, c-abl, EDNRB) or the COBRA assay (for ER, APC), both of which are highly quantitative. We started by assaying the methylation levels in both the promoter and exon 2 of the cell cycle regulatory gene p16/CDKN2, using the Ms-SNuPE method. The results showed that, with the exception of the HCT116 cell line, the methylation levels were above 70% in the promoter regions of p16 in all the cell lines used for this study (Figure 2a ). The methylation of the p16 promoter region in the HCT116 cell line was about 45%. Interestingly, as described by ourselves and others (Myohanen et al., 1998) , HCT116 was the only cell line where p16 expression was detected by RT ± PCR (results not shown). Methylation levels of p16 exon 2 were above 94% for all the cell lines analysed and did not dier by MMR phenotype (Figure 2b ). Therefore, no consistent dierences were found in methylation levels between MMR + and MMR 7 cell lines in the p16 gene promoter or exon 2 Inactivated by promoter methylation region, indicating that there is no correlation between the MMR phenotype and dierential levels of methylation of this endogenous gene in CRC cell lines.
The 5' untranslated region (5' UTR) of the estrogen receptor (ER) was highly methylated in all cell types, regardless of MMR phenotype (Figure 2c ), whereas Figure 2 Methylation levels of endogenous genes. Levels of methylation were measured in six regions of a total of ®ve genes using the quantitative techniques of either Ms-SNuPE (for p16, c-abl, EDNRB), or COBRA (for ER, APC). Three patterns of methylation arise in the seven colon cell lines examined. Methylation levels can be uniformly high (p16 promoter and exon2, ER), uniformly low (c-abl, APC), or can show variability between the seven cell lines (EDNRB). Error bars are the range of at least two independent experiments methylation levels were low in the c-abl promoter region ( Figure 2d ) and in the promoter of the adenomatous polyposis coli (APC) gene, with the exception of the SW837 cell line (Figure 2e ). In the SW837 cell line the average methylation of three sites was 22%, with two sites showing low levels of methylation (10%, 11%) and one site showing higher methylation level (47%). Finally, the promoter of the endothelin receptor B (EDNRB) gene showed variable levels of methylation in the seven cell lines (Figure 2f ) that did not, however, correlate with MMR status. Therefore, methylation analysis of six CpG islands which have been proposed to play a role in carcinogenesis showed three general patterns: the ®rst pattern where all cell lines were highly methylated, a second pattern where all cell lines had low levels of methylation and a third pattern where there were varying levels in methylation among the dierent cell lines. However, we found no correlation between the MMR phenotype and methylation patterns of speci®c endogenous regulatory sequences in the cell lines used in this study.
Global genome methylation patterns
The results in the previous section showed no dierences in methylation patterns between MMR + and MMR 7 cell lines. To rule out the possibility that sequences other than the ones we analysed are the target of dierential methylation between the two MMR phenotypes, we next performed methylation sensitive AP ± PCR (Liang et al., 1998) on the seven CRC cell lines. The methylation sensitive AP ± PCR technique allows for selection of CpG-rich regions in the genome which are possible targets for aberrant methylation.
We used 12 dierent primer pairs in independent reactions, giving a broad general view of methylation patterns in the genome and obtained information on the methylation status of 100 fragments of DNA (Figure 3 ). Of these 100 fragments, 43 fragments were completely methylated and 18 fragments were fully unmethylated in each of the seven CRC cell lines examined (results not shown). The methylation pattern of the remaining 39 fragments had a high degree of variation between cell lines. MMR 7 cell lines had a combined methylation level of 65% for these 39 fragments compared to 68% for the MMR + cell lines. Interestingly, general levels of methylation in each cell line from unselected sites in the genome corresponded roughly to the levels of methylation of the EDNRB promoter area (Figure 2f ) in the same cell line. These results showed that methylation patterns in the genome are not correlated to the MMR phenotype of the cells.
DNA methyltransferase expression levels
The dierences in de novo retroviral promoter methylation levels between MMR + and MMR 7 cell lines, although low, may be accounted for by dierences in expression levels of the DNA methyltransferase enzymes. To test this hypothesis we next analysed the levels of mRNA expression of the DNA methyltransferases DNMT1, DNMT3A and DNMT3B, using semiquantitative RT ± PCR (Figure 4 ). Expression levels of the methyltransferases were normalized to histone H4 (H4F2) expression, a marker of cell proliferation (Lee et al., 1996) . DNMT1 was expressed in all cell lines, consistent with its function as the main methylation maintenance enzyme. The DNMT3A and DNMT3B enzymes each have shown de novo and maintenance methylation capabilities in an in vitro assay (Okano et al., 1998) , and are thus potential eectors of the methylation observed in the retroviral promoter. DNMT3A and DNMT3B appeared to be expressed at comparable levels in all cell lines, except for HT-29. This coordinate expression pattern between the two DNMT3 mRNAs is consistent with previously published results in normal tissues (Robertson et al., 1999) . The results showed variable levels of expression of each methyltransferase for each of the seven cell lines. However, no dierences were found in the expression pattenrs of any of the DNA methyltransferases when grouped according to their MMR phenotype.
Remethylation kinetics in 5-Aza-CdR treated cells
The above results show no dierences in the levels of expression of the DNA methyltransferases between MMR + and MMR 7 cell lines. However, in addition to the mRNA levels, other mechanisms might play a role in controlling the activity of DNA methyltransferase, accounting for the small dierences in LTR methylation between some MMR + and MMR 7 cell lines. To test the activity levels of DNA methyltransferase we measured remethylation kinetics in the MMR + and Figure 3 Global methylation patterns in colorectal cancer cell lines. Using the methylation sensitive AP ± PCR technique the methylation status at random endogenous sequences was determined in seven colon cell lines as described in Materials and methods. Of 100 sites analysed, 39 showed variable patterns of methylation among the seven cell lines. *: methylated site; *: unmethylated site. Fragments 1 ± 6 were previously published MMR 7 CRC cell lines ( Figure 5 ). We treated two MMR + cell lines (HT-29 and SW837) and two MMR 7 cell lines (SW48 and HCT116) with the demethylating drug 5-aza-2'-deoxycytidine (5-Aza-CdR) and measured the rate of remethylation in exon 2 of the p16 gene. The methylation levels of p16 exon 2 prior to 5-Aza-CdR treatment were greater than 90% and were reduced to 64% in SW48, 60% in HCT116, 62% in HT-29 and 69% in SW837 after treatment with the drug. The SW48 and HT-29 cell lines had almost exactly the same rates of remethylation, whereas SW837 initially showed a slightly faster rate of remethylation. Careful analysis of the data showed that HCT116 had a similar rate of remethylation to SW48 and HT-29, but that maximal demethylation was achieved at a later timepoint. Nonetheless the results showed that there are no consistent dierences in the rate of remethylation of p16 exon 2 among these cell lines. The MMR phenotype does not appear to in¯uence remethylation kinetics at this endogenous locus.
Discussion
MSI and the MMR system have been the focus of intense attention in the last few years (Boland et al., 1998) . Lengauer et al. (1997a) suggested a link between the MMR 7 phenotype and a methylator (MET + ) phenotype that targets de novo methylation of retroviral promoter sequences. Our study expands on this observation but shows that the initial correlation found Figure 4 Expression of DNA methyltransferases DNMT1, DNMT3A and DNMT3B. Expression levels of the DNA methyltransferases mRNAs were determined using semi-quantitative RT ± PCR as described in Materials and methods. mRNA levels are expressed as a ratio of DNMT expression levels over histone H4 (H4F2) expression levels between the MMR 7 phenotype and MET + phenotype does not hold for all cell lines. HCT-15, an MMR 7 cell line, did not express the retroviral reporter gene, even though it had the same level of methylation in the retroviral promoter as SW837, and expression levels diered almost sixfold between the two cell lines. This result suggests that DNA methylation is not solely responsible for controlling transcription in this system. Lengauer et al. (1997a) performed a methylation analysis by Southern blot of a SmaI site in the retroviral LTR and found low methylation levels in an MMR 7 subclone, but not in a subclone derived from an MMR + cell line. Interestingly, bisul®te genomic sequencing at the MMR 7 subclone showed that some LTR molecules were unmethylated making it unlikely that methylation of this region could completely explain the lack of expression. However, since it was previously shown that treatment of the HCT116 cell line with 5-azacytidine reintroduced expression of the reporter gene (Lengauer et al., 1997a) , the presence of DNA methylation cannot be excluded as a reason for silencing. We quantitated the methylation levels in the LTR and found that methylation was generally low (524%) in all cell lines, with a slight excess in the MMR 7 cell lines, but it remains to be determined if this low level of methylation has biological signi®cance in this system. A mechanism other than DNA methylation may be responsible for the dierences in retroviral gene expression between MMR + and MMR 7 cells. For example, exogenous promoter function is silenced in mouse embryonic stem cells by an unknown, methylation independent mechanism (Grez et al., 1991) . An interesting possibility is that an analogous system is in eect in MMR 7 CRC cells, and is responsible for the dierences detected in retroviral gene expression.
Changes in DNA methylation during the establishment of cell lines have been documented (Antequera et al., 1990; Jones et al., 1990) . This is a concern in any study using cell lines since cell lines exhibit dierences from primary tumor specimens and these changes could obscure potential ®ndings. We analysed both steady state methylation levels as well as remethylation and de novo methylation capabilities and found no dierences between MMR + and MMR 7 cells. However, the dierence in retroviral gene expression levels between MMR + and MMR 7 cells clearly show that phenotypic dierences between these two cell types have survived the establishment of cell culture. Therefore, we conclude that DNA methylation is not responsible for establishing dierences that distinguish the MMR + and MMR 7 phenotypes. Similarly, HCT116 cells corrected for their MMR ability showed no changes in methylation ability (Lengauer et al., 1997a) , which also suggests that methylation is not directly linked to the MMR phenotype.
Development of CRC has been proposed to require the acquisition of genetic instability by one of two pathways . In the ®rst pathway, cells have a functional MMR system (MMR + ) and instability is associated with gross chromosomal losses and/or gains of a large number of alleles. In the second pathway, genetic instability is associated with a defective MMR system (MMR 7 ), leading to the accumulation of point mutations and small deletions and/or insertions due to replication errors that are not properly corrected. In these cancers there are few gross chromosomal changes and progression of cancer is primarily due to point mutations, which is detected as MSI + . An analysis of the average chromosome number in each of the cell lines used for our study supports this hypothesis since Figure 5 Remethylation kinetics in colon cell lines after treatment with 5-Aza-CdR. Cell lines were treated with 5-Aza-CdR for 24 h and remethylation kinetics were measured at the p16 exon 2 locus using Ms-SNuPE. Remethylation is expressed as a percentage increase in levels of methylation relative to the point of maximal demethylation. Error bars are the range of at least two independent experiments the average chromosome number in the MMR 7 cell lines is close to diploid (Table 1) as is predicted from the model described above. Interestingly, the chromosome number for each MMR + cell line is either above (HT-29 and SW480) or below (SW837) the expected diploid number of 46 chromosomes (Table 1) . Chromosome instability analysis using¯uorescence insitu hybridization further corroborates that MSI + is primarily associated with the MMR 7 status, whereas chromosome instability is associated with the MMR + status in CRC cell lines (Lengauer et al., 1997b) .
Primary sporadic CRC tumor samples show that MSI + tumors exhibit hypermethylation at speci®c loci, when compared to MMR 7 tumors (Ahuja et al., 1997) . Other studies have shown that hypermethylation at the MLH1 promoter results in silencing of the gene, and that cells that do not express MLH1 show MSI + (Deng et al., 1999; Herman et al., 1998; Kane et al., 1997; Veigl et al., 1998 ). An important model for CRC presented recently (Toyota et al., 1999) Toyota et al. (1999) .
Materials and methods
Cell culture
The CRC cell lines, HCT-15, HCT116, HT-29, LoVo, SW48, SW480 and SW837 were obtained from the American Type Culture Collection (Rockville, MD, USA). All cell lines were propagated in McCoy's 5A Medium (Life Technologies, Inc., Palo Alto, CA, USA), supplemented with 10% heatinactivated FCS, 100 U/ml penicillin and 100 mg/ml streptomycin. The cell lines were maintained under sterile conditions at 378C, 5% CO 2 -95% air using standard tissue culture incubators.
Nucleic acid isolation
DNA was isolated as previously described (Marmur, 1961) . Brie¯y, cells were harvested, washed twice with 16PBS solution and resuspended in 16SSC. Nine volumes of lysing solution [0.1 M NaCl, 10 mM EDTA, 1% SDS, pH 8.0] were added and the solution was mixed to ensure complete lysis. DNA was extracted with one volume chloroform : isoamyl alcohol (24 : 1) and precipitated with three volumes of cold 100% ethanol. DNA was then resuspended in nuclei dropping buer [75 mM NaCl, 24 mM EDTA, pH 8.0] and 10 mg/ml RNase A (Roche Molecular Biochemicals, Indianapolis, IN, USA) and incubated at 378C for 45 min. The reaction was stopped by addition of SDS to a ®nal concentration of 0.5% and incubated with 200 mg/ml proteinase K at 378C for 16 h. DNA was then extracted with one volume phenol, followed by two volumes chloroform : isoamyl alcohol (24 : 1). Finally, DNA was precipitated with three volumes ethanol and dissolved in TE 74 buer [10 mM Tris-HCl, pH 8.0, 0.1 mM EDTA]. All samples were stored at 7208C.
Total cellular RNA was isolated as previously described by Chomczynski and Sacchi (1987) . Brie¯y, cells were washed twice with 16PBS and resuspended in solution D [4 MM guanidium isothiocyanate, 25 mM sodium citrate, 10% Nlauroylsarcosine, 0.1 mM b-mercaptoethanol]. RNA was extracted by sequential addition and mixing of 0.1 volumes 2 M sodium acetate, pH 4.0, one volume phenol and 0.2 volumes chloroform : isoamyl alcohol (49 : 1). Suspension was incubated on ice for 30 min, the aqueous phase was transferred to a new tube and precipitated with one volume isopropranol at 7208C overnight. Total RNA was precipitated and resuspended in 0.3 volumes solution D. RNA was re-precipitated with one volume isopropanol, washed in 75% ethanol and dissolved in diethylpyrocarbonate-treated water. Samples were stored at 7208C.
Methylation-sensitive Arbitrarily Primed-PCR (Methylation-Sensitive AP-PCR)
Methylation-sensitive AP-PCR was performed as previously described . Two micrograms DNA of each cell line were digested with restriction endonucleases RsaI, RsaI+MspI, and RsaI+HpaII. Twenty units of each enzyme were used per reaction and samples were digested for 16 h at 378C. HpaII is methylation sensitive to the internal C of its CCGG recognition sequence and will not cut if this site is methylated, whereas MspI is insensitive to methylation of the internal cytosine and will always cut regardless of methylation at this site. Two hundred nanograms of restriction-digested DNA were then ampli®ed using methylation-sensitive AP ± PCR following previously described conditions Liang et al., 1998) . PCR products were resolved on a 5% polyacrylamide gel under denaturing conditions (7 M urea). The gel was dried and exposed to autoradiographic ®lm.
Retroviral transduction
The retroviral particles G1BgSvNa from supernatant (viral titer 10 6 cfu/ml) were obtained from the Vector Production Unit at the USC/Norris Comprehensive Cancer Center. For each of the colon cell lines, 2.5610 4 cells were plated per well in a 6-well plate. Twenty-four hours after seeding, the cells were exposed to 10 mg/ml protamine and incubated with 1 ml of the retroviral supernatant for 2 h, at which point 2 ml of fresh medium were added. Infection was allowed to proceed overnight in the incubator. Media was changed 24 h after the initial exposure to retrovirus and after a 48 h recuperation period, infected cells were selected with G418 (Life Technologies, Inc., Palo Alto, CA, USA) for 2 weeks. Stably transfected cells were kept in culture in media containing G418 to maintain selection pressure.
X-Gal Staining
b-galactosidase expression in transduced cell lines was assayed by in-situ staining with 5-Bromo-4-chloro-3-indoyl-b-D-galactopyranoside (X-gal). Cells (10 4 ) containing the integrated b-galactosidase retroviral vector were seeded in 100 mm dishes and allowed to expand for 10 days to individual colonies. To detect b-galactosidase expression, dishes were washed twice with 16PBS and ®xed for 10 min at room temperature with a 2% formaldehyde, 0.2% glutaraldehyde solution in PBS. Staining solution consisted of 1 mg/ml X-gal (Roche Molecular Biochemicals, Indianapolis, IN, USA), 2 mM magnesium chloride, 5 mM potassium ferricyanide, and 5 mM potassium ferrocyanide in PBS, was prepared fresh each time, ®ltered and kept in the dark. To stain, 2 ml staining solution were added to the ®xed cells and incubated overnight at 378C. After staining was complete the dishes were rinsed with 16PBS. Any colony showing blue staining was scored as a blue colony. b-gal expressing colonies were expressed as a percentage of blue colonies over the total number of colonies on the dish.
Methylation analysis
Methylation analysis was performed using either one of two techniques: Ms-SNuPE (Methylation-sensitive Single Nucleotide Primer Extension assay) , or COBRA (Combined Bisul®te Restriction Analysis) (Xiong and Laird, 1997) . For both techniques genomic DNA was bisul®te treated as described by Frommer et al. (1992) to convert unmethylated cytosine nucleotides to uracil, but leaving 5-methylcytosine nucleotides intact. Target sequences were PCR ampli®ed using primers speci®c for bisul®te modi®ed DNA¯anking CpGs of interest. PCR conditions consisted of an initial denaturation step at 958C for 4 min, followed by cycles of denaturation at 948C for 1 min, primer annealing at variable, primer-speci®c temperature for 35 s, and extension at 728C for 45 s. Each PCR consisted of a total of 38 ± 40 cycles using the hot start technique and the proofreading competent Expand TM High Fidelity PCR System (Roche Molecular Biochemicals, Indianapolis, IN, USA). Bisul®te PCR primer sequences and primer annealing temperatures are listed in Table 2 . Bisul®te PCR products were separated on 2% agarose gel and gel puri®ed with the Qiaquick gel extraction kit (Qiagen Inc., Valencia, CA, USA), following manufacturer's recommendations.
Ms-SNuPE was performed as described by . For Ms-SNuPE analysis, primers were designed immediately 5' of the CpG to be analysed (Table 2) . Reactions were set up containing either [ 32 P]dCTP or [ 32 P]TTP. The one cycle primer extension reaction consisted of a denaturation step at 958C for 1 min, annealing step at primer-speci®c temperature for 2 min, and extension step at 728C for 1 min. Stop solution (0.4 volumes) was added to each reaction and samples were resolved on a 15% polyacrylamide gel. Results were quantitated using the Phosphorimager 445 SI (Molecular Dynamics, Sunnyvale, CA, USA).
COBRA was performed following the method described by Xiong and Laird (1997) . The gel puri®ed bisul®te PCR product was digested with BstUI or TaqI restriction endonucleases. The recognition sites for these enzymes contain a CpG, so digestion would only take place if the original sequence was methylated. The restriction digest products were separated on an 8% polyacrylamide gel and transferred to a Zetabind membrane (Cuno Inc., Meriden, CN, USA). Membranes were hybridized with a 5' end-labeled oligonucleotide and results quantitated using the Phosphorimager 445 SI (Molecular Dynamics, Sunnyvale, CA, USA).
Reverse Transcription-Polymerase Chain Reaction Assay (RT ± PCR)
Total RNA was converted into cDNA as described by Eversole-Cire et al. (1993) . Brie¯y, the reverse transcription reaction was performed using 10 U Moloney murine leukemia virus reverse transcriptase (MMLV ± RT) (Life Technologies, Inc., Palo Alto, CA, USA), 1 U RNasin (Promega, Madison, WI, USA), 0.01 U dithiothreitol (DTT), 1 mM each deoxynucleoside triphosphate (dNTP), Table 2 Primer sequences for bisul®te PCR, COBRA, and Ms-SNuPE 5 '-TTG GAG GTT GAA GTT TAG ATG TG-3' 5'-TAA TAG TTT TTT TAT GGT AGG GTG AAA-3' 5'-ATT GAA AAT GGT TTG TTG TTG TTG AA-3' p16 promoter-15mer p16 promoter-18mer p16 promoter-21mer
508C
5 '-TTT GAG GGA TAG GGT-3' 5'-TTT TAG GGG TGT TAT ATT-3' 5'-TTT TTT TGT TTG GAA AGA TAT-3' p16 exon 2-16mer p16 exon 2-19mer p16 exon 2-22mer 508C 5 '-GTT GGT GGT GTT GTA T-3' 5'-AGG TTA TGA TGA TGG GTA G-3' 5'-TAT TAG AGG TAG TAA TTA TGT T-3' c-abl-16mer c-abl-18mer
548C
5 '-GTT GGG AGA GGG GTT T-3' 5'-GGG TTT TTT GTT AAT AGG-3' EDNRB pro-18mer 50.58C 5 '-TTT GTA GTT TAA GGG AGG-3' 0.5 optical density units of random hexamers, 75 mg bovine serum albumin and 16cDNA ®rst strand buer. Reaction samples were incubated at 228C for 10 min, 428C for 45 min, 908C for 3 min and cDNA samples were stored at 7208C. PCR ampli®cation conditions for histone H4 (H4F2) and DNMT1: cDNA was PCR ampli®ed using 100 ng cDNA, 16Expand HF buer, 200 mM each dNTP, 1 mM each sense and antisense primer, 10% DMSO, 1.2 U Expand TM High Fidelity PCR System (Roche Molecular Biochemicals, Indianapolis, IN, USA). PCR conditions for histone H4 expression were as follows: one cycle of 948C for 3 min, followed by 948C for 45 s, 628C for 40 s, 728C for 1 min, for 21 cycles and one cycle of 728C for 3 min. For DNMT1 expression the PCR consisted of an initial denaturation step of 3 min at 948C, 26 cycles of 948C for 45 s, 558C for 30 s, 728C for 1 min and a ®nal extension step at 728C for 3 min. PCR primers used were as follows: hisH4-sense: 5'-GGC GGA AAG GGC TTA GG-3'; hisH4-antisense: 5'-GGG ATC GAA ACG TGC AAA GC-3'; DNMT1-sense: 5'-TTG TTC AGG ATG TTG CCG-3'; DNMT1-antisense: 5'-GTG CGA GAC ACG ATG TC-3'. PCR ampli®cation conditions for DNMT3A and DNMT3B: 100 ng cDNA was ampli®ed using 16Tag PCR buer, 200 mM each dNTP, 0.5 mM each sense and antisense primer, 10% DMSO, 1 U Taq DNA polymerase (Sigma). PCR conditions were as follows: initial denaturation step at 948C for 2 min, 30 cycles of 948C for 30 s, 658C for 1 min, 728C for 1 min, and a ®nal extension step of 728C for 10 min. Primer sequences are: DNMT3A-sense: 5'-GGG GAC GTC CGC AGC GTC ACA C-3'; DNMT3A-antisense: 5'-CAG GGT TGG ACT CGA GAA ATC GC-3'; DNMT3B-sense: 5'-CCT GCT GAA TTA CTC ACG CCC C-3'; DNMT3B-antisense: 5'-GTC TGT GTA GTG CAC AGG AAA GCC-3'. The PCR products were separated on a 2% agarose gel and transferred onto a ZetaProbe membrane (Bio-Rad, Richmond, VA, USA) via alkaline transfer. Membranes were probed using a 5' endlabeled oligonucleotide. Results were quantitated by phosphorimager analysis. Probe sequences were: hisH4: 5'-TTA AGC GGA TCT CTG GCC TCA TTT AC-3'; DNMT1: 5'-GCA CAA CCG TCA CCA ACC C-3'; DNMT3A: 5'-CCG CGC ATC ATG CAG GAG GCG GTA GAA CTC-3'; DNMT3B: 5'-CAC TGG ATT ACA CTC CAG GAA CCG TGA GAT G-3'.
5-Aza-CdR treatment
Cells (3610 6 ) were seeded in a 100 mm dish. Twenty-four hours later cells were treated with either 10 76 M 5-Aza-CdR (SW48, HT-29, SW837) or 10 77 M 5-Aza-CdR (HCT116) for 24 h. The media was changed at the end of the treatment and DNA was harvested at various timepoints as described above.
